Five different signals have been analyzed in ESR spectra obtained from sulfided molybdenum-or tungsten-containing catalyst samples. Signal I (oxo-Mo6+, g = 1.933 for MO/~-AlzOa; and oxo-Ws+, g = 1.78 for W/y-Al,O& and possibly signal III arise as a result of interactions with the support. Signal II (g = 1.985 for Mo/SiOz, and g = 1.91 for W/-r-A1203) and signal IV (g = 1.995 for W/y-A1203, and g = 2.01 for W& bulk) have been detected both on supported and on unsupported sulfided samples. These two signals show a complementary behavior upon evacuation and H,S adsorption and are therefore ascribed to paramagnetic surface species in the MO& and WS, phases. Some surface configurations are proposed to describe the origin of these paramagnetic surface species. The origin of signal V which has been detected in supported and unsupported samples is still unknown.
INTRODUCTION
For the study of the structure of active sites on heterogeneous catalysts, techniques are required which are sensitive to details on an atomic scale. When the active sites contain paramagnetic species, electron spin resonance (ESR) may satisfy this condition. This technique has the advantage of being sensitive enough to be able to measure the usually low concentration of the active sites. Voorhoeve (1) demonstrated the use of ESR in his study of Ni-W sulfided supported and unsupported catalysts. He reported a correlation between t,he benzene hydrogenation activity and the intensity of an ESR signal ascribed to W3+ ions. He did not report any details of the ESR signal nor did he report a study of the analogous (2-8) CO-MO system. The purpose of the present paper is Do present the ESR results on supported as well as unsupported molybdenumor tungstencontaining catalysts. It forms part of a general study with the objective of obtaining more insight into the atomic structure of Ni (Co)-W (MO) hydrodesulfurization (HDS) catalysts. By studying the influence of evacuat.ion, H&S, and thiophene treatments on freshly sulfided samples, five different ESR signals have been distinguished. Some signals are interpreted in terms of surface M"+S, configurations. This work also demonsOrates the necessity of in situ measurements on sulfided catalysts.
EXPERIMENTAL
All materials used were free from paramagnetic impurities.
Supported catalysts. SiOZ (Ketjen F-2) was washed with excess ammonia (4.5 N) and then with distilled water. After drying KONINGS ET AL. at 110°C for 12 hr it was calcined in air for 2.5 hr at 600°C. The pore volume was 1.05 cm3 g-l. 7-A1203 was prepared by calcining boehmite (Martinswerk GmbH RH6) in air for 2 hr at 6OO"C, resulting in a pore volume of 0.35 cm3 g-l. Analyticalgrade ammonium heptamolybdate (AHM) (Merck) and ammonium metatungstate (AMW) (Koch-Light Laboratories, Ltd.) were used. Catalysts containing 12y0 MOOS or 19.3% (w/w) W03 were prepared by impregnating a support with AHM or AMW dissolved in a volume of water corresponding to the pore volume of the support, drying at 110°C for 12 hr, and calcining for 2 hr at 450 and 600°C for SiOz and r-A1203 supports, respectively.
Unsupported catalysts. Bulk catalysts with a high specific surface area were prepared via thermal decomposition of the corresponding :~mmonium t hio compounds (9, 10). ~Zmmonium t hiomolybdate and ammonium thiotungstato were prepared from AHM and HzW04, respectively (11, 16) , and were decomposed to the corresponding disulfides by heating to 400°C for 6 hr at 10s4 Torr. The disulfides obtained were identified by X-ray diffraction (9, 10). The specific surface areas were 16 m2 g-l for MoS2 and 57 m2 g-l for WS2.
SulJidation and sample treatments. All samples were sulfided under continuousflow conditions (Hz containing 16% (v/v) H2S, 50 cm3 min-', 2 or 24 hr, 400°C). The samples were cooled from 400°C to room temperature (10 min) in the same H2/H2S flow and then were flushed with helium (50 cm3 min-', 10 min).
In order to prevent contamination of the sample by oxygen, which complicates the ESR analysis, a special sulfiding reactor was used (see Fig. 1 ). Hydrogen and helium were deoxygenated over BTS catalyst (BASF R 3-11) and dried over molecular sieves (Union Carbide 4A). Hydrogen sulfide (Matheson, CP grade) was used as supplied. Table 1 lists the (pre)treatments applied. All treatments were carried out with a 200-mg catalyst sample. The thiophene saturation system used has been described earlier (IS).
ESR measurements. The ESR measurements were carried out with a Varian E-15 FIGS. 2-7. The numbers within parentheses correspond to the sample treatments specified in Table 1. ESR spectrometer equipped with a TE 104 dual-sample cavity. A Varian strong-pitch sample was used to calibrate (g = 2.002s) the magnetic field and as a standard for the qua1it.y factor of the ESR cavity (i.e., sensitivity).
Relative signal intensities can be calculated with an accuracy of about 10%. Unless ot'herwise indicated, all mcasurements were carried out at room temperature using lOO-mW microwave power and a microwave frequency of about 9.15 GHz. Some ESR spectra were measured at 4.2 or 20°K. To obtain this temperat,ure t,hc TE 104 ESR cavity was equipped with a liquid helium continuous-flow cryostat, (Oxford Instruments).
RESULTS
Five different ESR signals can be distinguished in both molybdenumand tungsten-containing catalysts. These signals are designated by I-V. The ESR signals are indicated in the corresponding figures by the approximate position of their low-field peaks, since especially the lowfield peaks of these signals could be clearly detected separately.
The g values are determined atJ t'he turning points. . have been sulfided for 2 and 24 hr, respectively. The intensity of signal I (g = 1.933) decreases with increasing time of sulfiding. In Fig. 2c the ESR spectrum of Mo/SiOz after sulfiding for 2 hr is shown. It is apparent that signal I on SiOz has a low intensity compared to the y-A1203-supported sample and is not observable in the 24-hr sulfided sample (Fig. 2d) . Signal I is absent in bulk MoSz (Fig. 2e) .
As shown in Fig. 3 , tungsten-based catalysts show an analogous behavior. Note that the scan range of the magnetic field is now four times larger than was used in Signal II is observable with all samples, whereas peak V is relatively weak from r-A1203-supported samples. The question arises whether peaks II and V originate from two different paramagnetic sites or from one paramagnetic site with axial symmetry (2 g-value signal). The line shapes of the ESR spectra obtained from the SiOz-supported and bulk samples suggest the latter possibility.
In order to investigate this, ESR microwave saturations experiments were carried out on a sulfided SiOz-supported molybdenum catalyst.
The experiments were performed at 4.2"K. As is shown in Fig. 4b , signal II is more prone to saturation than signal V. Similarly, reduction with hydrogen (50 cm3 min-', T = 4OO"C, t = 10 min) of a sulfided Mo/SiOz sample causes a larger decrease in intensity for signal II than for signal V. Signal V can now be detected almost separately (see Fig. 4~ ).
The influence of oxygen is shown in Fig. 4d . After sulfidation and cooling down to room temperature, the ESR sulfiding reactor was opened to the air for 15 min and then heated for 5 min at T = 200°C.
It is seen in Fig. 4d that signal II disappeared nearly completely. A 3 q-value signal (ql = 2.048, q2 = 2.029, and q3 = 1.998) is now superimposed on signal V. These experiments clearly show that peaks II and V originate from two different paramagnetic sites with different relaxation behavior and different reactivity toward hydrogen and oxygen treatments.
The oxygen treatment demonstrates the necessity for carrying out ESR measurements on sulfided catalysts in situ. Even a small amount of air at room temperature without the further heating applied in Fig. 4d causes a significant change in the ESR spectrum of supported sulfided catalyst,s. Signal IV Signal IV is the least readily discernible of the ESR peaks. Its presence is most clearly demonstrated when bulk WS2 is subjected to an evacuation treatment (low3 Torr, 4OO"C, 10 min) as shown in Figs. 5a and b. The spectrum in Fig. 5a (which is in fact the spectrum in Fig. 3c , but is now shown on the smaller scan range used for MO-containing samples) illustrates the ESR signals after sulfidation. Figure 5b gives the results after evacuation. Signals II and V clearly disappear, leaving a new signal (IV, g = 2.01, AH = 180 G). Figure 6 shows the results of the evacuation treatment when applied to MO/-~-A1203, Mo/SiOz, and bulk MO& samples. In all cases signal II is reduced in intensity and the turning point moves to a higher g value (Ag = 0.01). This change cannot be explained on the basis of a change in the relative contributions of signals II and V since, as is apparent from Fig. 4 (spectra b and c), both signals have approximately the same g value. The data therefore suggest a new signal (IV) for which the g value and linewidth are most readily evaluated from Fig. 6b (g = 1.995 , AH = 68 G).
The bulk samples of MO& and WSZ also develop a weak, sharp signal near the free spin value of g = 2.0023 upon evacuation.
Signal III
This ESR signal can be detected only on sulfided molybdenum-supported catalysts after adsorption of H,S or thiophene. The influence of thiophene was studied on sulfided Mo/SiOz by exposing this sample at 150°C to thiophene-saturated helium gas (He containing 7% (v/v) thiophene, 50 cm3 min-*, 15 min). An ESR spectrum was produced and is shown in Fig. 7~ . The highfield part of this spectrum definitely shows the occurrence of a new peak (peak III). The intensity of the original peak II is increased after the thiophene treatment.
Adsorption of H2S was carried out by treating a sulfided Mo/SiOz sample at 400°C wit,h a mixture of 16y0 HS in helium for 30 min. Figure 7b shows the presence of the new signal III and also an increase in intensity of signal II. The ratio intensity II/intensity III seems to be larger after the adsorption of H2S than after treatment with thiophene (cf. highfield wings). This result combined with the fact that the turning point of the overall ESR spectrum after adsorption of thiophene is slightly different (Ag = 0.003) from t,he corresponding turning point after HsS treatment leads to bhe conclusion that the g value for peak III is slightly greater than that for peak II. Recording the ESR spectrum of the H2S/He-treated sulfided Mo/Si02 sample with a tenfold higher amplification reveals a weak hyperfine structure of molybdenum (I = $, six lines).
Treating sulfided MO/~-Al,O, with HeS under t,he same conditions as for the sulfided Mo/Si02 sample results in a smaller increase in peak II intensity and a weaker peak III. H2S treatment of bulk samples (MO&, WS2) and sulfided supported tungsten cat)alysts did not result in any increase of peak II or in the occurrence of peak III. are in agreement with the assignment of signal I to oxo-Mo5+ species, viz. : (i) signal I is not detected on bulk MO%; (ii) less paramagnetic oxo-MO species are preserved on the surface of SiOz after sulfiding than for Y-A1203 as result of the greater interaction of Mo5+ with r-A1203 than with SiOz, (17) (18) (19) (20) (21) (22) ; (iii) the intensity of signal I decreases with increasing time of sulfidation (conversion of oxo-Mo5+ into oxo-sulfoMan+ or sulfo-MO"+ ions).
To our knowledge oxo-W5+ ions on supported tungsten catalysts have not been previously reported in the literature. The behavior of signal I on the supported tungsten catalysts is analogous to that on the corresponding molybdenum samples, leading to the conclusion that this signal for the tungsten system has to be ascribed to 0x0-W+ ions. The intensity of the oxo-W5+ ion signal is lower than that of the oxo-Mo5+ signal obtained under the same sulfiding conditions. It is therefore possible that the interaction of tungsten with the supports is lower than that of molybdenum or that under the same experimental conditions the supported tungsten samples are better sulfided in comparison to the molybdenum samples. The diminution of the oxo-Mo5+ signals as a result of evacuation is probably caused by a reduction in valency of the metal as a consequence of removal via desorption of coordinat'ed ligands. Such oxidic species are thought to be responsible for part of the hydrogenation activity of y-A1203-supported CO-MO and Ni-W catalysts (20) .
The ESR spectra obtained by Seshadri et al. (23) Signal III is only detected on supported molybdenum catalysts after HzS or thiophene treatment. Kolosov et al. (a'?') reported an ESR signal on a Mo/SiOz sample [3'% (w/w) MoOl], which corresponds with the ESR spectrum shown in Fig. 7b . Their Mo/SiOz sample, which init,ially was oxidic, was slightly reduced with HZ at 500°C and then treated with H2S vapor at 500°C for several minutes. The aut)hors interpreted the ESR spectrum as a 2 g-value signal. Our results (comparison of spectra in Figs. 7b and c) show that the signal is a superposition of peaks II and III. More experiments are needed to find out from which phase signal III originates (oxo-sulfo-or sulfo-molybdenum ions).
The disulfide phase is probably stoichiometrically best defined after the evacuation treatment, since the normal sulfiding conditions employed in this work will almost certainly result in surfaces partly covered by adsorbed H2S. Changes in the ESR signals II and IV as a result of this treatment can therefore most reasonably be ascribed to the participation of surface species. Signal IV is the most intense in the evacuated samples. Voorhoeve (1) reported a W3+ ESR signal detected on sulfided tungsten-containing catalyst. Moreover, he proved t'hat this signal arises from paramagnetic surface species. A comparison of the ESR parameters (g value and linewidth) of the W3f signal found by Voorhoeve after equilibration (lop5 < H,S/H2 < 10P3) of WS2 samples with the g value (g 'V 2.012) and linewidth (AH 'v 180 G) of signal IV obtained in this work, after evacuation of the WS2 bulk sample, leads to the conclusion that signal IV is most probably related to trivalent paramagnetic surface ions (MS"+). The decrease in intensity of this signal after sulfidation is accompanied by an increase in bhe intensity of signal II (compare the evacuated and sulfided samples in Figs. 5 and 6).
As mentioned earlier, the normal sulfiding conditions employed in this work might lead to adsorption of S and or SH species. Here several possibilities suggest themselves. The change in g value upon HzS adsorption (i.e., peak IV -+ II) could be a consequence of a change in coordination of the same ion in the same valence state, The number of paramagnetic surface species decreases consequently upon adsorption when the following equilibrium occurs :
(lOi0) edges. Alternate layers in these edges expose anions which are bridging or nonbridging, respectively (28). These surfaces are degenerate, since to a first approximation the anion may occupy other equivalent sites without appreciably altering the surface energy. In Figs. 8 and 9 some stoichiometric cleavage (lOi0) surfaces with randomly oriented surface sulfur atoms are shown (28). Several different surface species can be distinguished. Site D is four-coordinate, has a formal charge z = +2$ and has CqV symmetry. Site B is also four-coordinate, has formal charge z = +3+ and CzV symmetry. behavior upon evacuation and HIS adsorpThe linewidth of signal II is smaller than tion and t'herefore appear to be related to that of signal IV (see Table 2 ). This might surface species of the MS2 phase and be caused by an exchange-narrowing pro-possibly its catalytic properties. The origin cess which in turn could arise if type C of the remaining signal (V) is unknown. sites were the major contributors to signal Work is in progress on t)he quantit'ative II. Signal IV seems to have the shape of relationship between the changes in t,he a 2 g-value ESR signal [see Figs. 5b (W) signals and the H2S/Hz ratios in contact and 6b (MO)], which corresponds with t,he with the catalysts. The influence of Xi and symmetry properties of site D or B. Since Co promoters is also under investigation. this signal can be detected at room temperature the spin-lattice relaxation must REFERE'NCES J , be negligible, which occurs in situations with a nondegenerate orbital ground &ate 
